Chromatin remodelling complexes evict, slide, insert or replace nucleosomes, which represent an intrinsic barrier for access to DNA. These remodellers function in most aspects of genome utilization including transcription-factor binding, DNA replication and repair 1, 2 . Although they are frequently mutated in cancer 3 , it remains largely unclear how the four mammalian remodeller families (SWI/SNF, ISWI, CHD and INO80) orchestrate the global organization of nucleosomes. Here we generated viable embryonic stem cells that lack SNF2H, the ATPase of ISWI complexes, enabling study of SNF2H cellular function, and contrast it to BRG1, the ATPase of SWI/SNF. Loss of SNF2H decreases nucleosomal phasing and increases linker lengths, providing in vivo evidence for an ISWI function in ruling nucleosomal spacing in mammals. Systematic analysis of transcription-factor binding reveals that these remodelling activities have specific effects on binding of different transcription factors. One group critically depends on BRG1 and contains the transcriptional repressor REST, whereas a non-overlapping set of transcription factors, including the insulator protein CTCF, relies on SNF2H. This selectivity readily explains why chromosomal folding and insulation of topologically associated domains requires SNF2H, but not BRG1. Collectively, this study shows that mammalian ISWI is critical for nucleosomal periodicity and nuclear organization and that transcription factors rely on specific remodelling pathways for correct genomic binding.
, decreases binding of pluripotency transcription factors such as OCT4, SOX2 and NANOG 4, 6, 7 , arguing for a function of SWI/SNF in transcription-factor binding in line with its ability to eject nucleosomes in vitro 2, 8, 9 . The in vivo role of the ISWI family is less clear. ISWI complexes use two catalytic subunits, SNF2H and SNF2L. SNF2H forms five remodeller complexes in mammals: ACF, CHRAC, NoRC, WICH and RSF 2, 10 . They do not eject nucleosomes, but rather slide them along DNA in vitro [11] [12] [13] , leading to a model of a 'ruler' function that confers defined linker length 14, 15 . Notably, knockdown of SNF2H in HeLa cells causes reduced nucleosomal positioning around CTCF binding sites 16 . Although SNF2H deletion is embryonically lethal in mice and stem cells from these embryos do not proliferate 17 , we were able to generate mouse embryonic stem cell (mES cell) clones with a homozygous frameshift mutation in exon 6 of the Snf2h gene (also known as Smarca5) using CRISPR-Cas9. The resulting absence of SNF2H protein (Fig. 1a, b and Extended Data Fig. 1a ) enabled the study of the role of ISWI chromatin remodellers in a cellular context. SNF2H knockout (SNF2H KO) mES cells have a normal morphology, have a largely unchanged cell cycle profile and are able to form stem cell colonies (Fig. 1a, Extended Data Fig. 1b, c) .
To test whether observed phenotypes result from the absence of SNF2H catalytic activity, we reintroduced the wild-type SNF2H protein or an isoform containing a point mutation in the ATP-binding domain-which abolishes ATPase activity yet keeps SNF2H-containing complexes intact 18 -into the SNF2H KO mES cells (Fig. 1b) . Reintroduction of wild-type SNF2H reverted cell proliferation to wild-type levels (an increase of approximately 13%; Extended Data Fig. 1d ). Transcriptome analysis identified almost 2,000 differentially expressed genes upon loss of SNF2H (false discovery rate (FDR) < 0.05, Fig. 1c and Extended Data Fig. 1f) ; these genes were enriched for developmental and proliferative functions (Extended Data Fig. 1g ). Of note, reintroducing wild-type SNF2H completely rescued all gene-expression changes in the SNF2H KO mES cells, showing that these do not result from accumulated DNA damage, loss of epigenetic memory or spontaneous differentiation ( Fig. 1c and Extended Data Fig. 1h ). SNF2H KO mES cells expressing mutant SNF2H appear almost identical to SNF2H KO mES cells at the transcriptional level, demonstrating that misregulation is caused by the absence of catalytic activity and not by complex disassembly and thus potentially indirect. Furthermore, these results argue against a role for SNF2L in compensating for the absence of SNF2H 19 . SNF2H KO mES cells exhibit characteristics of embryonic stem cells and express pluripotency markers, but fail to form proper embryoid bodies and neuronal progenitors (Extended Data Fig. 1e, f) . In summary, loss of the catalytic activity of SNF2H in mES cells leads to global changes in transcription, reduced proliferation and differentiation potential.
To determine the potential contribution of SNF2H to nucleosome patterns, we sequenced mononucleosomal fragments generated by micrococcal nuclease (MNase) digestion at a sufficient depth to score local positioning (see Supplementary Methods). Visual inspection reveals local reduction in nucleosome positioning, which can be quantified by inferring nucleosome phasing through Fourier transformation (Fig. 1d , e and Extended Data Fig. 2 ). Overlaying phasing profiles reveals limited effects around transcriptional start sites (TSS) (Extended Data Fig. 3a-c) , reminiscent of the yeast phenotype 20 and knockdown in a human cancer cell line 16 . The opposite effect occurs in distal regulatory regions, where phasing is reduced several-fold and yet is fully reversed by reintroduction of wild-type protein ( Fig. 1f and Extended Data Fig. 3d ).
As DNA methyltransferases preferentially methylate linker DNA, phasing is also evident in patterns of endogenous DNA methylation 21 . Bisulfite sequencing reveals that this periodicity is reduced upon loss of SNF2H ( Fig. 1g and Extended Data Fig. 4) , validating with a cell-intrinsic measure, that the absence of SNF2H decreases nucleosome phasing.
Because SNF2H generates equally spaced nucleosomal arrays in vitro 2 , we investigated whether this ruler function operates in mammalian cells. We determined the nucleosomal-repeat length (NRL) in wild-type, mutant and rescue clones by performing ATAC-seq (assay for transposase-accessible chromatin using sequencing). This assay not only identifies open regulatory regions 22 , but also creates fragments corresponding to mono-, di-and tri-nucleosomes 22 (Extended Data Fig. 5a, b) . These enable inference of the NRL, revealing an increase of approximately 9 base pairs (bp) in the absence of SNF2H, which is reversed by reintroduction of wild-type SNF2H, but not by catalytically inactive SNF2H (Fig. 2a) . To test whether this effect is specific to SNF2H, we performed the same analysis in cells lacking BRG1, the ATPase subunit of the SWI/SNF remodeller complexes, using a cell Letter reSeArCH line with inducible deletion of BRG1 23 . This reveals that NRL does not change significantly in the absence of BRG1 using our (Fig. 2a) or other published datasets (Extended Data Fig. 5c ). Consequently, the increase in NRL is specific for loss of ISWI.
To challenge this finding, we also calculated NRL from same-strand alignment distances of our MNase data 24, 25 (Extended Data Fig. 6 ), revealing a comparable increase in NRL upon loss of SNF2H (Fig. 2b, c) . This is readily reverted by reintroduction of functional SNF2H (Fig. 2b, c) . Analysis of published MNase data from Brg1-deficient cells confirms that this NRL increase is specific to ISWI (Extended Data Fig. 5d, e) . Thus, loss of SNF2H activity causes a global NRL increase, providing in vivo evidence for the predicted ruler function, which appears to be specific for ISWI.
To examine whether chromatin remodellers affect transcriptionfactor binding, we determined changes in the regulatory landscape following their deletion using ATAC-seq (Extended Data Fig. 7 ). More specifically, we screened genomic regions in which accessibility altered upon deletion of SNF2H or BRG1 for motifs for 519 mammalian transcription factors with known sequence preferences 26 (Fig. 3a and Extended Data Fig. 8a, b) . This revealed two non-overlapping sets of factors, binding of which appears to be dependent on the activity of SNF2H or BRG1. Of note, specific transcription factors are dependent on ISWI activity but are unaffected by loss of SWI/SNF, and vice versa. This suggests a high specificity, and is consistent with a model in which interactions between transcription factors and specific nucleosome remodellers are fundamental for the binding of transcription factors to their cognate motifs.
To further explore this model, we focused on two zinc-finger transcription factors with asymmetric binding responses to loss of SNF2H or BRG1: CTCF and REST. Both transcription factors utilize similar DNA-binding domains and recognize large motifs of more than 17 base pairs with high specificity 27, 28 . The ATAC-seq profile over CTCF sites is almost unchanged upon BRG1 deletion, with nucleosome phasing adjacent to bound sites, a signal that is largely absent in SNF2H KO cells (Extended Data Fig. 8e ). This suggests that CTCF depends on SNF2H but not BRG1 for binding.
Conversely, a mirrored situation is evident at REST sites, where phasing is unaffected in SNF2H KO cells, but is severely altered in the absence of BRG1 (Extended Data Fig. 8f ). This is similarly evident in 
Letter reSeArCH
MNase profiles as phasing of nucleosomes flanking CTCF motifs is diminished in the absence of SNF2H, as previously shown 16 , with concomitant increase in nucleosome occupancy over the motif (Fig. 3b) . This is readily reversed by re-expression of wild-type SNF2H (Fig. 3b) , and is not caused by decreased CTCF levels (Extended Data Fig. 8g ). Cellular DNA methylation confirms this reduced phasing (Extended Data Fig. 8h ). By contrast, phasing at REST sites is unaffected in SNF2H KO mES cells, but spacing increases markedly (Fig. 3c) . This is in line with the NRL increase, which is also apparent at the level of DNA methylation (Extended Data Fig. 8i, j) . Experimental measurement of transcription-factor binding by chromatin immunoprecipitation followed by sequencing (ChIP-seq) reveals no effect on genomic binding of REST in the SNF2H KO but a genome-wide reduction in CTCF binding at its cognate motifs, in line with previous observations following knockdown of SNF2H in a human cell line 16 ( Fig. 3d , e and Extended Data Fig. 9 ). Re-expression of wild-type SNF2H, but not of the inactive mutant, fully restores CTCF binding (Extended Data  Fig. 9 ). The opposite pattern is detected in the BRG1 KO, in which REST binding is strongly reduced, whereas CTCF binding is unaffected (Fig. 3d , e and Extended Data Fig. 9 ). Thus, genome-wide binding fully validates predictions made on the basis of differential local accessibility, confirming that both transcription factors critically rely on distinct remodeller machineries for binding. The degree of reduction of REST and CTCF binding is locus-specific, as some sites are more dependent on the respective remodeller for binding than others (Extended Data Fig. 10a, c) . For both transcription factors, strongly dependent sites tend to lie distal to genes and not in areas of high overall accessibility (Extended Data Fig. 10b, d) .
CTCF is essential for long-range chromosome looping via interaction with cohesin (reviewed in refs 29, 30 ), which is critical for gene regulation. Loss of SNF2H might not be expected to affect chromosomal loops, since over 95% of CTCF protein had to be depleted to affect chromosome conformation, as shown in a recent study 31 . By contrast, CTCF protein levels are unaffected and binding remains detectable at many sites in SNF2H KO mES cells (Extended Data Figs. 8g, 10) . Nevertheless, we performed chromosome conformation capture coupled with sequencing (Hi-C) 32 in BRG1 and SNF2H mutants and matching wild-type cells. Lack of SNF2H affects the formation of chromatin loops and insulation of topologically associating domains (TADs) as is evident from contact maps (Fig. 4a and Extended Data Fig. 11a ). By contrast, deletion of BRG1, which does not cause any change in CTCF binding, reveals a largely unchanged TAD profile, arguing for a SNF2H-specific phenotype (Fig. 4b and Extended Data Fig. 11b ). This is confirmed by hierarchical clustering of all Hi-C datasets, showing the BRG1 KO clustering with wild type, whereas the SNF2H KO clusters separately (Fig. 4c) .
To quantify this effect, we calculated insulation scores 33 at all TAD boundaries containing CTCF sites. As suggested by visual inspection, loss of SNF2H reduces insulation at TAD boundaries across all chromosomes, whereas BRG1 had no effect (Fig. 4d and Extended Data Fig. 11c) . Notably, the severity of this loss resembles the one measured upon almost complete loss of CTCF in the same cell type 31 .
To investigate the potential effects on chromatin loop formation, we measured contact frequencies at CTCF and cohesin-bound loops, as identified by Hi-C coupled to ChIP enrichment (HiChIP) 34 of SMC1A, a central component of the cohesin complex. This revealed significant reduction in contact frequencies, demonstrating an integral role of SNF2H in the formation and maintenance of chromatin-loop domains. This function is again ISWI-specific, as loss of BRG1 had no effect ( Fig. 4e and Extended Data Fig. 12a-d ) and was most pronounced at convergent CTCF sites with strong dependency on SNF2H (Extended Data Fig. 12e ). Finally, similar to CTCF degradation, both remodeller deletions do not impair higher-order interactions of active and passive chromosome domains that form the chromosomal A/B compartments 31, 32 (Extended Data Fig. 12f, g ). We conclude that SNF2H has a crucial role in chromatin architecture and TAD formation, probably through its requirement for CTCF binding. This links ISWI but not SWI/SNF remodeller activity to nuclear organization.
In summary, absence of SNF2H causes a global increase in linker length and reduced nucleosomal phasing, demonstrating in vivo ruler activity of ISWI in mammals. This appears to be species-specific, since deletion of ISWI function in yeast and Drosophila causes shortening of the linker length 15, 35 . Furthermore, it is remodeller-specific, as BRG1 depletion does not cause NRL changes.
The finding that a class of transcription factors depends on ISWI suggests that nucleosomal sliding contributes to transcription-factor binding. Whereas the exact mechanism remains unknown, one scenario could be that ISWI, in the process of creating ordered arrays, repositions a nucleosome that blocks a previously occupied binding motif. In line with this, absence of ISWI leads to increased nucleosomal abundance over binding sites with reduced transcription-factor occupancy. Irrespective of the exact mechanism, it is clearly distinct to that of BRG1, since dependent transcription factors do not overlap, even though factors such as REST and CTCF share molecular similarities in regards to their binding domains and motif length. This pathwayspecific behaviour supports a model in which remodellers enable transcription-factor binding by selective recruitment or specific chromatin requirements rather than by creating global nucleosome dynamics, which in turn should create binding opportunities in a factor-independent fashion. As SNF2H constitutes the catalytic subunit of several ISWI complexes, it will be important to study whether these phenotypes are complex-specific or shared among the entirety of the ISWI family. 
Thus far, only CTCF itself, cohesin and cohesin-loading and -release factors have been functionally linked to genome-wide nuclear topology 30 . ISWI affects CTCF binding without reducing its abundance, which nevertheless impacts TAD insulation similarly to degradation of CTCF itself. This posits a chromatin remodeller enzyme as critical for nuclear organization and proper TAD insulation, illustrating how this class of proteins is involved in many DNA-templated events, including the three-dimensional organization of the genome.
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